Antibiotic resistance genes (ARGs) in the environment have paid great concern due to their health risk. We investigated antibiotics concentrations (tetracyclines, sulfonamides, and fluoroquinolones), ARGs abundances (tetracycline, sulfonamide, and plasmid-mediated quinolone resistance (PMQR) genes), and bacterial community composition in sediment and water samples in the Liuxi River, China. Antibiotics concentrations were determined by ultra-performance liquid chromatography-electrospray tandem mass spectrometry. ARGs abundances were quantified by a culture-independent method. Bacterial community composition was analyzed by metagenomic approach based on Ion Torrent Personal Genome Machine platform. Antibiotics concentrations were at the levels of 1.19-622 ug kg −1 in sediment samples and below the limit of detection to 127 ng L −1 in water samples. Relative abundances (ARGs copies/16S rRNA gene copies) of detected ARGs were at the range of 10 −5 to 10 −2 . The dominant phyla were Proteobacteria, Bacteroidetes, and Verrucomicrobia in sediment samples, and were Proteobacteria, Actinobacteria, and Bacteroidetes in water samples. The results indicated that the river environment was contaminated by antibiotics and may be as a reservoir of ARGs. This study provided quantitative data on antibiotics, ARGs and bacterial community composition in the Liuxi River, a geographical location different from the reported studies.
INTRODUCTION
Antibiotic resistance genes (ARGs) in the environment have drawn great concern due to their health risk. The environment may be as reservoirs of ARGs, which could be acquired by clinical pathogens through horizontal gene transfer (Forsberg et al., 2012; Yang et al., 2013) . Aquatic system serves as a key milieu for the environmental release, mixing, persistence and spread of ARGs, and antibiotic resistance bacteria (Allen et al., 2010; Taylor et al., 2011) . Evidences suggested that waste discharges from anthropogenic compartments, such as animal feedlots and wastewater treatment plants significantly contributed to the pollution of ARGs in downstream rivers (Pruden et al., 2012; Hsu et al., 2014) . The presence of ARGs in river environment may pose a potential risk to public health, as river water is often used for irrigation, recreation and also used as a source of drinking water. Riverine ARGs and antibiotic resistance bacteria could spread into drinking water and threaten public health via food chain (Walsh et al., 2011; Jiang et al., 2013) . However, only a few studies investigated the abundance of ARGs including tetracycline (tet) resistance genes and sulfonamide (sul) resistance genes in the global rivers, such as the Almendares River in Cuba (Graham et al., 2010) and South Platte River in USA (Pruden et al., 2012) by culture independent methods; additionally, only one study have investigated the abundance of plasmid-mediated quinolone resistance (PMQR) genes by using a culture independent method in river environment in India (Rutgersson et al., 2014) , which need complementary local studies at different geographical locations. What is more, bacterial community composition in river environment has not been comprehensive investigated. More studies have identified the bacteria in river environment by culturebased methods (Mitch et al., 2010; Marti et al., 2013b) . To date, however, not enough studies have identified the bacterial community composition in river environment by metagenomic approach.
The Liuxi River is one of the most important rivers in Guangzhou, China. It flows through an agriculture area and a resident urban area, before discharges into South China Sea. In the past decades, there have been hundreds of chemical plants and thousands of animal feedlots adjacent to the river's bank. The liquid effluents from chemical plants and animal feedlots are commonly discharged into the Liuxi River. Therefore, ARGs in the Liuxi River may be significantly promoted by anthropogenic activities. Furthermore, ARGs in the Liuxi River may be accessible by humans, since the water from the river is usually used for irrigation, recreation and as a source of drinking water for metropolitan Guangzhou city, with a population of more than 15 million people.
The objective of this study was to investigate ARGs occurrence and bacterial community composition in the Liuxi River. A comprehensive report was addressed, by (1) 
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concentrations of antibiotics (tetracyclines, sulfonamides and fluoroquinolones) (2) quantifying the abundances of ARGs (tet resistance genes, sul resistance genes and PMQR genes) by using a culture independent method (3) analyzing the bacterial community composition by metagenomic approach. This study provided quantitative data on antibiotics, ARGs and bacterial community composition in the Liuxi River, a geographical location different from the reported studies.
MATERIALS AND METHODS

STUDY SITE
The Liuxi River initially flows Conghua city (site A, upstream 1), and then loops Zhongluotan town (site B, upstream 2) and Renhe town (site C, downstream 1), finally passes through Nangang town (site D, downstream 2). The four sample sites cover the whole river. Sampling locations and potential pollution sources are marked in Figure 1 . In Figure 1 , animal unit (AU), equivalent to 454 kg animal body weight is a standardized method for quantification of animal feedlots (Kellogg et al., 2000) ; chemical oxygen demand (COD) is an important mark for wastewater pollution. The values of COD in Figure 1 were referenced to He et al. (2012) . 
SAMPLE COLLECTION
Surface water (3 L) from the top 0.5 m of the water surface was collected using sterile polystyrene bottles. Sediment (∼500 g) was collected from the top 5 cm layer using a gravity-corer. Sample sites are defined as A, B, C, and D. For example, A-w and A-s are paired water and sediment samples from A site; this is also the same for the samples from the other sample sites. For one sample site, three samples collected from different locations along the river cross section were combined to analyze. Samples were stored as sterile as possible in a cooler box, until immediate returned to the laboratory for processing (<12 h). After homogeneous mixing, each water or sediment sample was divided into two aliquots under aseptic condition. One aliquot was used for the molecular analyses; the other one was used for the quantification of antibiotics. Each aliquot was further divided into three subsamples for repeated analysis.
ANTIBIOTIC ANALYSIS
Antibiotics including tetracyclines (oxytetracycline, chlorotetracycline and doxycycline), sulfonamides (sulfametoxydiazine, sulfamethazine and sulfamethoxazole) and fluoroquinolones (ciprofloxacin, norfloxacin and enrofloxacin) were chosen to analyze due to their important role in human and animal medicine. Antibiotic analysis was determined by ultra-performance liquid chromatography-electrospray tandem mass spectrometry according to the method of Luo et al. (2010) . Antibiotic analysis was performed on an Agilent 1200 liquid chromatograph with a Waters Quattro Micro triple quadrupole mass spectrometer. The recoveries for antibiotics based on matrix-matched calibration were at the range of 71-93% in water samples and 65-88% in sediment samples, and the quantification limits were at the range of 5.3-12 ng L −1 for water and 2.1-5.6 µg kg −1 for sediment.
DNA EXTRACTION
Particulates in water samples were removed by layered filtration with Whatman paper (20-25, 6 and 1 µm, respectively). Approximately 500 mL of prefiltered water subsample was immediately concentrated in duplicate by using a sterile filter (0.2 µm). Subsequent extraction steps were conducted according to the manufacture's protocol from Power Water DNA Kit (Mo Bio Laboratories, Inc., CA, USA). Sediment samples were centrifuged at 10,000×g for 30 s at room temperature to remove liquid. Weighted 0.25 g of sediment sample was extracted in duplicate by using a commercial Power Soil DNA Kit (Mo Bio Laboratories, Inc., CA, USA) according to the manufacturer's instructions. The concentration and quality of the extracted DNA were determined by spectrophotometer analysis and agarose gel electrophoresis.
PCR ASSAY
Qualitative PCR assays were used to determine the presence of various ARGs, including tet resistance genes [
tet(M), tet(O), tet(W), tet(S), tet(Q), tet(X) and tet(B/P)], sul resistance genes [sul(1), sul(2) and sul(3)], PMQR genes [qep(A), oqx(A), oqx(B), aac(6 )-Ib and qnr(S)]
, and bacterial 16S rRNA gene. These ARGs are usually observed in human affecting compartments. All PCR assays were performed in a 25 µL volume reaction by using TaKaRa Ex Taq PCR Kit according to the manufacturer's instructions. The details regarding PCR assay (primers sequences, amplicon size, and annealing temperature) are described in Supplementary Material Sections Table S1 . PCR products were analyzed by gel electrophoresis using 1% (w/v) agarose in 1× TAE buffer.
qPCR ASSAY
The PCR product of each gene was purified, and ligated into pMD20-T Vector (TaKaRa, Dalian, China) before being cloned into Escherichia coli DH5à. Clones containing targeted gene inserts were selected and confirmed by PCR. Plasmids carrying targeted genes were extracted, purified and sequenced. Ten-fold serially diluted plasmids over six orders of magnitude were performed to generate standard curves for quantification of each gene in qPCR. qPCR amplifications were performed on a Bio-Rad IQ5 instrument (Bio-Rad Company, USA) by using SYBR Premix Ex Taq II (TaKaRa, Dalian, China) according to the manufacturer's instructions. The positive (using plasmid DNA as template DNA) and negative (using nuclease-free water instead of template DNA) controls were included in each run. Duplicate real-time assays were performed for all subsamples and controls. The details regarding qPCR assay (primers, amplicon size and annealing temperature) are described in Supplementary Material Sections Table  S1 . The specificity was verified by the melting curves and gel electrophoresis. qPCR efficiency of each gene (93-105%) was examined with R 2 values more than 99.1% for all calibration curves. To minimize the variance caused by overall extraction efficiencies, total bacterial community and possible sample degradation, the relative abundances of targeted genes were obtained by normalizing their copies to 16S rRNA gene copies.
METAGENOMIC SEQUENCING
Most bacterial species could be distinguished by partial V6 region in 16S rRNA gene (Chakravorty et al., 2007) . This region was targeted by the universal bacterial primers (F: 5 -ACTCAAAT GAATTGACGGGG-3 ) and (R: 5 -GCTCGTTGCGGGACTTAA-3 ). Each primer was labeled with an adaptor sequence and unique multiplex identifier code. PCRs were performed in 50 uL reaction volume containing 0.5 µL Plantium Taq (5 U µL −1 ), 0.5 µL of each primer (50 µM), 10 ng genomic DNA, 0.5 µL dNTP (10 mM each), and added up to 50 µL by molecular biology-grade water. The reason why we chosen Ion Torrent PGM system was because microbial community profiles produced by Ion Torrent PGM are highly comparable to those produced by 454 sequencing (Yergeau et al., 2012) , and Ion Torrent PGM provides a low cost, scalable and high throughput solution for metagenomic analyses (Rothberg et al., 2011) .
Identifier codes were trimmed from each sequence. Raw sequences were filtered using a moving average Q20 cutoff. Raw sequences were submitted to Sequence Read Archive database in NCBI (accession No. PRJNA230277).
RESULTS
ANTIBIOTICS CONCENTRATIONS
As summarized in Figure 2 and Supplementary Material Sections Table S2 , three classes of antibiotics including nine antibiotics (oxytetracycline, chlorotetracycline, doxycycline, sulfametoxydiazine sulfamethazine, sulfamethoxazole, ciprofloxacin, norfloxacin, and enrofloxacin) were detected with concentrations ranging from 1.19 to 622 µg kg −1 in sediment samples and below the limit of detection to 127 ng L −1 in water samples. Of the tetracyclines analyzed in this study, oxytetracycline had the highest concentrations in sediment samples, ranging from 3.77 to 147 µg kg −1 , and chlorotetracycline had the highest concentrations in water samples, ranging from from 25.4 to 127 ng L −1 . Of the sulfonamides analyzed in this study, sulfamethoxazole had the highest concentrations in sediment samples, ranging from 1.49 to 2.74 µg kg −1 , and it is also had the highest concentrations in water samples, ranging from 12.6 to 45.0 ng L −1 . Of the fluoroquinolones analyzed in this study, enrofloxacin had the highest concentrations in sediment samples, ranging from 371 to 622 µg kg −1 , and norfloxacin had the highest concentrations in water samples, ranging from 27.6 to 118 ng L −1 .
OCCURRENCE AND LEVELS OF RESISTANCE GENES
Absolute abundance (copies per mL or per g) and relative abundance (ARGs copies/16S rRNA gene copies) of ARGs are shown in Supplementary Material Sections Table S3 and Table S4 , respectively. Among 15 ARGs investigated, most of them were detected in all sediment and water samples; tet(M) in A-w, tetS in Aw, B-w, and C-w samples were not detected; and tet(B/P) and qep (A) were not observed at all (Figure 3 and Supplementary Material Sections Table S4 )
. ARGs [tet(M), tet(O), tet(W), tet(S), tet(Q), tet(X), sul(1), sul(2), sul(3), oqx(A), oqx(B), aac(6 )-Ib and qnr(S)]
were detected with relative abundance ranging from 1.59 × 10 −5 to 3.49 × 10 −2 . oqx(B) had the highest abundance among all detected genes for all samples, ranging from 2.29 × 10 −3 to 3.49 × 10 −2 . Of tet resistance genes analyzed in this study, tet(W) had the highest abundance, ranging from 1.22 × 10 −3 to 1.06 × 10 −2 . Of sul resistance genes analyzed in this study, sul(1) had the highest abundance, ranging from 4.19 × 10 −3 to 1.72 × 10 −2 .
BACTERIAL COMMUNITY COMPOSITION
A total of 226, 795 reads with average 28, 349 high quality sequences per sample were obtained. RDP Classifier tool was used to identify the phylogenetic classification of sequences (Cole et al., 2009 ). Most of the sequences were assigned to twenty one phyla in the samples (Figure 4) . Generally, the dominant phyla were Proteobacteria, Bacteroidetes, and Verrucomicrobia in sediment samples as high as 48.81, 4.82, and 4.28%, respectively, and the dominant phyla were Proteobacteria, Actinobacteria, and Bacteroidetes in water samples as high as 86.39, 11.22, and 4.75%, respectively. Some phyla, such as Fusobacteria, Chlamydiae, Synergistetes were at low abundance of <0.1%. Some bacterial classes might specifically associated with antibiotic containing environment were also observed in this study, such as Deltaproteobacteria (1.06-4.28%), Epsilonproteobacteria (0.01-0.2%), Clostridia (1.11-1.84%) and Bacilli (0.16-0.54%) in sediment samples; Deltaproteobacteria (0.03-0.16%), Epsilonproteobacteria (0.01-0.68%), Clostridia (0.04-0.35%) and Bacilli (0.03-1.26%) in water samples.
DISCUSSION
Several studies have reported antibiotic pollution in river environments in China, such as the Huangpu River (Jiang et al., 2011) , the Yellow River, Hai River, and Liao River (Zhou et al., 2011) . In those studies, the concentrations of most antibiotics detected in the river environments were elevated above background concentrations. In sediment samples collected from the Yellow River, Hai River, Liao River, oxytetracycline had the concentrations as high as 653 µg kg −1 , sulfamethoxazole had not detected at all, and norfloxacin had the highest concentrations of up 5770 µg kg −1 among the fluoroquinolones (ciprofloxacin, norfloxacin, and enrofloxacin) analyzed. Those results were different from the results from the present study, supporting that the distribution of antibiotics in the environment are dependent on the antibiotic consumption, use patterns, antibiotic partition characteristics and chemical stability (Hari et al., 2005) . The waste effluents containing antibiotics from animal feedlots and chemical plants (Figure 1) were probably responsible for the antibiotic pollution in the Liuxi River. Since ARGs were defined as emerging contaminants (Pruden et al., 2006) , several studies have investigated the occurrence and abundance of ARGs in aquatic environment worldwide. In aquaculture environment in China, the relative abundances of sul(1 and 2) and tet (W, O and M) were at levels of 10 −5 to 10 −3 and 10 −5 to 10 −2 , respectively in sediment samples (Gao et al., 2012) . In river environment in USA, tet(W) was ubiquitous in sediment and water samples, with the relative abundance of 10 −4 to 10 −2 (LaPara et al., 2011) . And also in river environment in Pakistan, the relative abundance of sul(1) was at the level of 10 −4 to 10 −2 in water samples (Khan et al., 2013) . The results of the relative abundance of sul and tet resistance genes in those studies were comparable to the results from the present study. To date, only a few studies have investigated the occurrence of PMQR genes such as oqx (A), oqx(B) , aac(6 )-Ib and qnr(S) in river environments using a culture independent method. In the present study, relative abundances of these PMQR genes were at a range of 10 −5 to 10 −2 in sediment and water samples. If as Graham et al. (2010) suggested that relative abundance of 10 −6 to10 −8 is typical of pristine areas as background, whereas highly contaminated sites often have the relative abundance of >10 −4 , the Liuxi River were highly contaminated by tet resistance genes, sul resistance genes and PMQR genes. Riverine ARGs were correlated with human activities (Pruden et al., 2012) . Evidences suggested that human affecting compartments, such as wastewater treatment plants, animal feedlots and pharmaceutical factories were as significant point sources of ARGs into the receiving water bodies (Graham et al., 2010; LaPara et al., 2011; Li et al., 2012) , which may also explain the reason why high contaminations of ARGs were observed in the Liuxi River. Besides antibiotics, metals also co-select for ARGs (Knapp et al., 2011) . Furthermore, another important mechanism horizontal gene transfer plays a critical role in the spread and persistence of ARGs in the environment (Andam et al., 2011) . Aquatic environments provide ideal settings for the horizontal exchange (O'Brien, 2002; Baquero et al., 2008) . Mobile genetic elements, often observed in river environments and other environmental compartments may drive the transfer of resistance determinants between the bacteria of anthropogenic origin and environmental indigenous bacteria (Kristiansson et al., 2011; Zhang et al., 2011; Hsu et al., 2014) . The Liuxi River is usually used for irrigation, recreation and as a source of drinking water for metropolitan people, which probably accelerated the exchange of resistance genes between the water bacteria and human microbe.
The dominant phyla were Proteobacteria, Bacteroidetes, and Verrucomicrobia in sediment samples and Proteobacteria, Actinobacteria, and Bacteroidetes in water samples in the Liuxi River. The dominant bacterial groups in water samples in this study were as the same as those in water samples collected from water supply reservoirs in Spain (Huerta et al., 2013) , but it was different from the result from a river influenced by a wastewater treatment plant in Spain (Marti et al., 2013a) , with the dominant phyla of Proteobacteria (or Firmicutes) and Cyanobactera (or Actinobacteria). The dominant phyla in sediment samples were also variable in different studies. In the above water supply reservoirs in Spain, Actinobacteria, Firmicutes, and Proteobacteria were observed as dominant phyla in sediment samples. In an antibiotic-contaminated river influenced by a wastewater treatment plant in India (Kristiansson et al., 2011) , Proteobacteria, Bacteroidetes, and Firmicutes were dominated in sediment samples. Those results from the rivers with or without receiving wastewater compared together indicated that dominant bacterial phyla in river environments were influenced by antibiotic contaminations. Furthermore, the ubiquitous presence of Deltaproteobacteria, Epsilonproteobacteria, Clostridia, and Bacilli in sediment and water samples also indicated that the Liuxi River was contaminated by antibiotics, since Li suggested that Deltaproteobacteria, Epsilonproteobacteria, Clostridia, and Bacilli might be specifically associated with antibiotic containing environment (Li et al., 2011) . In the present study, some phyla such as Synergistetes and TM7 were recently recognized, and were reported for the first time in river environments by using metagenome analysis. Some species/strains belonging to the phyla reported in the present study may have implication in human diseases. Fusobacteria have been shown to play important role in intra-amniotic infections, premature labor, and tropical ulcers (Sadek et al., 1998) ; some species/strains of Chlamydiae are obligate intracellular pathogens (Byrne and Ojcius, 2004) ; and Synergistetes have been suggested to be involved in periodontal disease, soft tissue infections and gastrointestinal infections (Horz et al., 2006; Vartoukian et al., 2007) .
There were several limitations to our study. First, we just collected samples at four sites in the main stream and did not analyze the contaminations in details. In future studies, we would analyze the correlation of antibiotic concentration and ARG abundance between sediment and pared water samples, and also analyze the correlation between the pollutant levels and emission source typology in more samples collected from the main stream and tributaries of this river. Second, we had chosen tet resistance genes only belonging to Gram-positive bacteria. A more extensive determination of tet resistance genes harbored by Gram-positive and negative bacteria would permit a more detailed assessment of the distribution of tet resistance genes in the environment.
